T he use of impacted, morsellised bone grafts has become popular in revision total hip arthroplasty (THA). The initial stability of the reconstruction and the effectiveness of any subsequent process of revitalisation and incorporation will depend on the mechanical integrity of the graft. Our aim in this study was to document the time-dependent mechanical properties of the morsellised graft. This information is useful in clinical application of the graft, in studies of migration of the implant and in the design of the joint.
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T he use of impacted, morsellised bone grafts has become popular in revision total hip arthroplasty (THA). The initial stability of the reconstruction and the effectiveness of any subsequent process of revitalisation and incorporation will depend on the mechanical integrity of the graft. Our aim in this study was to document the time-dependent mechanical properties of the morsellised graft. This information is useful in clinical application of the graft, in studies of migration of the implant and in the design of the joint.
We used 16 specimens of impacted, morsellised cancellous bone from the sternum of goats to assess the mechanical properties by confined compression creep tests. Consideration of the graft material as a porous, permeable solid, filled with fluid, allowed determination of the compressive modulus of the matrix, and its permeability to fluid flow.
In all specimens the compression tests showed large, irreversible deformations, caused by flow-independent creep behaviour as a result of rolling and sliding of the bone chips. The mean permeability was 8.82 *10 -12 m 4 /Ns (SD 43%), and the compressive modulus was 38.7 MPa (SD 34%). No correlation was found between the apparent density and the permeability or between the apparent density and the compressive modulus. The irreversible deformations in the graft could be captured by a creep law, for which the parameters were quantified.
We conclude that in clinical use the graft is bound to be subject to permanent deformation after operation. The permeability of the material is relatively high compared with, for example, human cartilage. The confined compression modulus is relatively low compared with cancellous bone of the same apparent density. Designs of prostheses used in revision surgery must accommodate the viscoelastic and permanent deformations in the graft without causing loosening at the interface. In 1984, Slooff et al 1 described the application of impacted, morsellised bone grafts in revision total hip arthroplasty (THA) for the restoration of bone loss in the acetabulum. In 1993, Gie et al 2 presented a modified method for application in the femur, using smaller bone chips and specially designed impaction equipment. In experimental studies, using the same technique, it was shown that migration of the implant relative to the bone occurred immediately after operation. In most cases this decreased at a later stage after incorporation of the impacted graft. [3] [4] [5] In clinical studies migration of the femoral stem and the acetabular cup was seen in almost every patient, 2,6-8 but the clinical results were generally good. 2, 9 A certain degree of initial stability was seen to be important for the timely incorporation of the graft. This could be improved by increasing the impaction pressure, the chip size, 10 or the quality of the bone graft in terms of the content of bone mineral. 11 The use of cement was also seen to enhance stability due to its penetration into the graft layer which improved the cement-bone interlock. 5, 9, 12 These empirical findings are not easily related to factors such as the design of the implant, the characteristics of the graft and surgical technique, because the character of the graft material as a load-bearing constituent of the reconstruction is unknown. Our aim was to document the time-dependent deformational behaviour of the graft material in dynamic loading. Laboratory experiments were performed and a constitutive description of the properties of the graft was proposed and tested.
Confined compression creep test. The impacted graft material was considered as a porous, permeable solid of bone chips, filled with fluid, marrow and blood. We evaluated its time-dependent deformational properties by the confined compression creep test, performed on cylindrical specimens (Fig. 1 ). In such a test the top of the specimen is loaded through a rigid, highly permeable filter. At the surface, all the stress on the material is taken by the solid matrix of the graft tissue; there is no pressure opposing exudation of the interstitial fluid. The specimen is placed in an impermeable, cylindrical container. Hence, radial bulging of the graft and leakage of fluid are prevented.
A load is suddenly applied to the specimen and then held constant (Fig. 2) . When it is applied, exudation of the interstitial fluid begins immediately. The drag forces of the flow then produce a time-dependent creep response. During this process, compaction of the solid matrix proceeds.
Irreversible creep occurs due to settling of the bone chips relative to each other, producing a part of the creep curve unrestrained by flow (Fig. 2) . To analyse the total creep strain (⑀ t ) we hypothesised that:
where ⑀ f is the strain due to creep restrained by flow and ⑀ s the strain due to settling of the chips. To describe the component restrained by flow in the strain response, the linear biphasic model of Mow et al 13 was used:
where P 0 (MPa) is the applied stress, h (mm) the height of the specimen, H A (MPa) the confined compression modulus, and [10 -12 m 4 /Ns] the permeability. H A is a measure of the tissue compressive stiffness, which reflects the stiffness of the solid matrix and describes the ease of fluid flow through the matrix. To describe the component in the strain response unrestrained by flow we propose that:
where c 1 and c 2 are constants. The higher the constants, c 1 and c 2 , the more prominent is the influence of the creep component because of rolling and sliding of the bone chips relative to each other. The total creep strain in the test was measured from:
h where u(t) (mm) is the displacement of the top of the specimen in time. Eventually, at t ϱ the fluid flow ceases, hence [ ]
goats, stored at -20°C. The cancellous bone was morsellised manually to a chip size of approximately 2 to 4 mm. The chips were defrosted in Ringer's solution at room temperature. They were preimpacted in a syringe, removing part of the blood and fatty marrow, and then impacted in a container, analogous to the procedure in the operating room, layer by layer, until a height of approximately 10 mm was reached. The latter was measured with a precision of about 0.05 mm and the mean height was 9.93 mm (9.35 to 10.70). The diameter of the specimens was determined by the diameter of the container, at 6.3 mm. A porous filter (Sinter brons, pore size 150 µm; Hofte, Amstelveen, The Netherlands) was placed on top of the specimens to allow free exudation of fluid. Ringer's solution was added to avoid drying out. The container was placed in the loading apparatus (Fig.  3) . The load was applied by lowering down a weight just on top of the loading pin. At time zero, the weight was released, thus creating an almost perfect step-loading profile. The actual load applied was measured by a load-cell beneath the container, using a 10 Hz sampling frequency.
At t = 0.15 s, the first measurement, the full weight was carried by the specimen.
A micro-extensometer was connected to the loading rod and the container; the rod was then placed on the porous filter, balanced by the spring in the extensometer, resulting in zero stress. This made it possible to monitor the relaxation of the specimen in relaxation periods. First, the specimens were preconditioned by a dynamic stress of 2.75 MPa for 24 cycles, at a frequency of one cycle per minute. The load was then released for a relaxation time of 900 s. After relaxation, the creep experiment itself was started. A constant stress of 1.81 MPa (n = 4) or 1.18 MPa (n = 12) was applied for 900 s, followed by a further unloaded period of 900 s (Fig. 4) . The signals from the load-cell and the extensometer were sampled at a frequency of 10 Hz and stored in a computer. To determine the equilibrium modulus and the permeability of the specimen, equation 4 was curve-fitted to the experimental data of the creep experiment by a least-square method.
After testing, the 16 specimens were defatted by soaking in acetone for 48 hours, dried in air for 64 hours and weighted in duplicate. We calculated the apparent densities of the specimens, initially, after preconditioning and relaxation, and at the end of the creep experiment, using the dimensional information from the tests.
Results
After preconditioning and relaxation the specimens did not return to their initial dimensions (Fig. 5) . The reduction in height varied between 7.5% and 26.5%. Preconditioning reduced the variety in properties of the specimens, resulting in more consistent strain-response curves (Fig. 6) . The mean apparent density increased from 0.685 g/cm 3 (SD 8%) before to 0.806 g/cm 3 (SD 4%) after preconditioning. There was a significant correlation between the initial apparent density and the reduction in height due to preconditioning (r = -0.869). Hence, specimens with a lower initial apparent density reduced more in height during preconditioning. Prescribed load case. First there is preconditioning, then relaxation, and thirdly the creep experiment is applied to the specimen.
Even after preconditioning, irreversible deformation still occurred (mean 0.37%, SD of mean 49%) (Fig. 6 ). The mathematical model implied by equations 1 to 3 provided an excellent fit for the post-preconditioning developments of strain in the compression tests for all specimens (Fig. 7) . This resulted in a mean permeability = 8.82 Creep response of three different specimens. There is irreversible deformation at the end of the creep test. Representative fit (solid line) of the strain-response data (squares) in static compression with the model of equation 4 on a logarithmic time scale more permeable, the solid volume fraction is less, with more or larger pores, producing a less stiff material. No correlations were found between apparent density after preconditioning and the permeability (r = -0.078) or between the apparent density and the confined compression modulus (r = 0.014).
When equation 1 is applied to an arbitrary specimen, using the parameters mentioned, the relative contributions of the creep restrained by fluid flow and the irreversible deformations to the total creep in the course of time can be evaluated (Fig. 9 ).
Discussion
The deformation of the graft material under loading is characteristic of a visco-elastoplastic material. It is timedependent and consists of creep components restrained and unrestrained by fluid flow. The component restrained by flow is caused by the biphasic nature of the impacted morsellised graft material and the drag forces of the fluid on the solid phase. The component unrestrained by flow is caused by the settling of the bone chips relative to each other. The good fit of the biphasic model to the data is evidence for this characterisation.
The specimens showed large irreversible deformations during preconditioning. The time for which the creep experiment took place, about one hour, was insufficient to obtain equilibrium in the strain response. In earlier pilot experiments it was found that permanent creep still occurred after 12 hours of static compression. This indicates that the irreversible component is important in the long-term dimensional behaviour of the morsellised graft. Surprisingly, the non-standardised pretest compaction procedure is quite reproducible, as only an SD of 8% was found in the apparent densities of the specimens. Preconditioning, which is really a secondary, standardised impaction procedure, did increase the mean apparent density from 0.685 to 0.806 g/ cm 3 and halved the variation (SD 4%). To characterise the creep behaviour quantitatively the biphasic model of Mow et al 13 was modified by adding a creep component unrestrained by flow. As a constitutive model this can now describe mechanical behaviour in terms of permeability and confined compression modulus, but also the creep due to rolling and sliding of the chips relative to each other in Theoretical example of total (solid line), restrained (dotted line), and unrestrained (dashed line) strain response versus time using the model of equation 1. terms of its constants c 1 and c 2 . The higher these constants, the more prominent is the creep component unrestrained by flow. The model provided an excellent fit for the creep data for all specimens. It can now be applied in further studies of this material, and in finite-element models of total joint reconstructions. /Ns, found respectively for human articular cartilage, 13 baboon cartilaginous endplates of the lumbar spine, 14 and human meniscus. 15 In morsellised grafts, the higher permeability indicates a decreased role for the creep mechanisms restrained by flow, particularly for longer loading times. Immediately after loading the biphasic deformation restrained by flow can contribute significantly to changes in the dimensions of the graft. The average confined compression modulus, which is a measure of the stiffness of the solid matrix, was 38.7 MPa. Carter and Hayes 16 found that the compressive modulus of cancellous bone depends on the apparent density according to a cubic relationship. When applying this to the impacted, morsellised graft material which we investigated it was found to be more flexible by a factor of about 50 compared with cancellous bone of the same density. This is an effect of the lack of structural continuity in the graft material. The correlation between the compressive modulus and the permeability was -0.811. This means that when the material is more permeable, it contains more pores and less solid material and thus is less stiff. Hence, it was expected that the permeability would correlate negatively 17 and the compressive modulus positively with the apparent density.
11,16
Surprisingly, no correlation was found between the apparent density and the compressive modulus or between the apparent density and the permeability. In a laboratory experiment Ullmark 10 found less subsidence when using larger bone chips. This suggests that variations in the size and shape of the chips are probably more important than density in explaining the mechanical behaviour of the impacted morsellised graft material, even if this is taken from the same anatomical region. In a study of revision surgery in sheep, Hubble, Kuiper and Learmonth 18 showed that the initial stability of the reconstruction depended on the type of impacted morsellised bone used. Bovine bone was the most stable followed by that of man and then of the sheep. The bone used in our study was impacted, morsellised goat bone. Hence, the values found cannot directly be extrapolated to the human situation. Brodt, Swan and Brown, 19 however, determined the stiffness of impacted, morsellised human bone chips using a different experimental design. Their results of 42.2 to 32.5 MPa depending on the particle size, corresponded well to our findings. We conclude that impacted, morsellised graft material will be subject to postoperative deformation in the short term, after loading, and after a longer time. Hence, migration of the prosthesis must be expected. To what extent cement stabilises these deformations is as yet unknown. The design of a prosthesis used in revision surgery should be such as to accommodate both the viscoelastic and permanent deformations without causing loosening at the interface.
No benefits in any form have been received or will be received from a commercial party related directly or indirectly to the subject of this article.
